C
lostridium difficile is a Gram-positive, spore-forming, anaerobic pathogen. It is found primarily within the mammalian gastrointestinal (GI) tract, where it can cause severe, toxin-mediated GI disease (1) (2) (3) (4) . C. difficile is transmitted through the fecaloral route, primarily in health care-associated settings, where it is a leading cause of nosocomial infections (5-7). However, for C. difficile to survive outside the host, it must form a spore. Spores represent an easily transmissible form of C. difficile because they are metabolically dormant and highly resistant to a variety of disinfectants and antibiotics, allowing them to persist on surfaces outside the host (8) . C. difficile spores serve both as a survival mechanism in the environment and as the infectious vehicle for transmission (8) .
Akin to that seen with other studied spore formers, C. difficile sporulation is controlled through the master sporulation regulator Spo0A, which is active when phosphorylated and is essential for sporulation (8, 9) . The regulatory components and signals that feed into Spo0A activation in C. difficile are not thoroughly elucidated, as many factors that activate or inactivate Spo0A in other spore formers are not present in sequenced C. difficile genomes (10) (11) (12) . In Bacillus species, Spo0A activation is controlled through a phosphorelay. The sporulation phosphorelays of Bacillus spp. are tightly regulated, and the flow of phosphate through the relay is managed in response to nutrient availability, stress, and other environmental signals (13) (14) (15) (16) . There is no known phosphorelay in C. difficile, and the factors that lead to Spo0A activation in this bacterium are poorly understood (10-12, 17, 18) .
One hypothesized trigger of sporulation in C. difficile is nutrient deprivation, for which CodY plays a regulatory role. In previous work, we found that the two oligopeptide transporters Opp and App inhibit the initiation of sporulation in C. difficile (19) . It was proposed that Opp and App inhibit sporulation by importing peptides into the cell. Imported peptides are thought to act as indirect inhibitors of sporulation by enhancing the nutritional state of the cell. But the mechanisms through which imported peptides and other nutrients affect sporulation are unclear. To further probe how the nutritional state may trigger sporulation in C. difficile, we investigated the effects of the transcriptional regulator CodY on sporulation.
CodY is a global nutritional regulator found in many Grampositive organisms (20) (21) (22) (23) (24) . CodY was first discovered in Bacillus subtilis and has the role of maintaining active growth, in part by regulating genes involved in nutrient acquisition and amino acid synthesis (25) (26) (27) . CodY is a transcriptional regulator and sensor of the metabolic state of the cell. When nutrients are abundant, such as during exponential growth, CodY is bound by branchedchain amino acids (BCAAs) and GTP and acts primarily as a transcriptional repressor of alternative metabolic pathways (28) (29) (30) . The availability of BCAAs and GTP impacts the DNA-binding capacity of CodY, allowing it to respond to the nutritional state of the cell. As levels of nutrients become limited in the cell, CodY is no longer bound by these cofactors, and repression of genes involved in secondary metabolic pathways and nutrient acquisition is alleviated. CodY not only regulates alternative metabolic pathways but also impacts many diverse physiological processes such as competence, sporulation, virulence, and motility (20-23, 27, 31-34) . CodY is a known repressor of toxin synthesis in C. difficile and regulates synthesis of the toxin-specific sigma factor TcdR (35) . By repressing toxin synthesis via TcdR, CodY links virulence to the nutritional state of the bacterium. In C. perfringens, CodY also regulates toxin expression and, in addition, regulates production of the sporulation regulator Spo0A (36) . However, the role CodY plays in regulating sporulation in C. difficile is not known. Prior work evaluating CodY in C. difficile was performed under conditions that did not favor sporulation, which likely limited the detection of sporulation factors (37) .
This study was undertaken to determine the role of CodY in the initiation of C. difficile sporulation and to examine possible straindependent effects of CodY. We disrupted codY in historical and epidemic ribotype strains and observed increased sporulation frequency in both backgrounds. The sporulation frequency of the epidemic 027 codY mutant was markedly higher than that of the historical 012 mutant, signifying strain-dependent effects of CodY. Through gene expression analysis, we observed increased expression of sporulation-specific factors, such as spo0A and sigE, at earlier time points in both strains. Additionally, we investigated the potential regulation of the app, opp, and sinRI loci by CodY through transcriptional analyses and reporter fusions. The codY mutants exhibited differential expression of sporulation-associated genes, indicating possible strain-dependent effects. Overall, these results demonstrate that CodY is a repressor of sporulation in C. difficile and that CodY can impact sporulation frequency in a strain-dependent manner.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used in this study can be found in Table 1 . Brain heart infusion-supplemented (BHIS) broth, BHIS agar plates, and tryptose-yeast extract (TY) broth are frequently used to culture C. difficile strains (35, 38) . BHIS medium was supplemented with 2 to 10 g thiamphenicol ml Ϫ1 or with 5 g erythromycin ml Ϫ1 (Sigma-Aldrich) as needed. Culture media were supplemented with taurocholate (Sigma-Aldrich) at 0.1% as needed to induce germination of C. difficile spores (39, 40) . Fructose was added to overnight cultures at 0.5% as needed to prevent sporulation. C. difficile was cultured anaerobically in a vinyl chamber (Coy Laboratory Products) at 37°C with an atmosphere of 10% H 2 , 5% CO 2 , and 85% N 2 as previously described (41, 42) . Escherichia coli strains were cultured at 37°C in LB (43) or BHIS medium supplemented with 20 g chloramphenicol ml Ϫ1 and 100 g ampicillin ml Ϫ1 as needed to maintain plasmid selection. To counterselect against E. coli following conjugation, media were supplemented with 50 g kanamycin ml Ϫ1 (44, 45) . B. subtilis strains were cultured at 37°C in LB (43) or BHIS medium supplemented with 5 g chloramphenicol ml
Ϫ1
and 5 mM potassium nitrate as needed. To counterselect against B. subtilis after conjugation, the media were supplemented with 50 g kanamycin ml Ϫ1 (46) . Strain and plasmid construction. The oligonucleotides used in this study are listed in Table 2 . Cloning and construction details of plasmids used in this study can be found in File S1 in the supplemental material. Primer design was based on the strain 630 genomic sequence (NC_009089.1), and all sequences matched the corresponding sequence in the 027 isolate, R20291 (NC_0133161.1). All plasmids were confirmed by sequencing (Eurofins MWG Operon). Genomic DNA was prepared as previously described (37, 41) . To generate strain MC364 (630 codY::ermB), pBL103 was transferred into C. difficile 630⌬erm and colonies were screened for Targetron insertion, as previously described (44, 45) . To generate the codY-complemented strains MC442 and MC443, pND3 was integrated into the Tn916 region within the chromosome of B. subtilis strain BS49 and selected for on BHIS plates containing 5 g chloramphenicol ml Ϫ1 , as previously described (47) (48) (49) . Promoter-phoZ fusion plasmids were transferred by conjugation from E. coli into C. difficile 630⌬erm and MC364 as previously described (45, 46) .
Motility assays. C. difficile strains were grown overnight in BHIS medium supplemented with 0.1% taurocholate and 0.2% fructose and were subsequently back-diluted to BHIS medium to obtain active, logarithmicgrowth-phase cultures. When the cultures reached an optical density at 600 nm (OD 600 ) of 0.5, 5 l was inoculated into the center of one-halfconcentration BHI plates containing 0.3% agar. The diameter of cell growth was measured every 24 h thereafter for 7 days. The results represent four independent experiments. Results are presented as means and standard errors of the means, and the two-tailed Student's t test was performed for statistical comparison of mutant outcomes to the parent strain results.
Sporulation efficiency assays. C. difficile strains were started as lowdensity cultures in BHIS medium supplemented with 0.1% taurocholate (Sigma-Aldrich) and 0.5% fructose and were grown to mid-log phase. Cultures were subsequently back-diluted to an optical density at 600 nm (OD 600 ) of 0.5 in 70:30 sporulation medium (50) or BHIS medium. The cultures were then immediately diluted 1:10 into the main culture flask containing 70:30 or BHIS broth to reach a starting OD 600 of 0.05. All cultures were anaerobically incubated at 37°C while being monitored for growth and spore production. Micrographs were taken and enumerated as previously described (19) , with minor modifications. Approximately 24 h following the start of stationary phase (T 24 ), 1-ml samples were taken from the cultures. Samples were pelleted at a maximum of 21,130 ϫ g for 30 s and resuspended in 0.01 ml of supernatant. A 2-l volume of each concentrated culture was placed on a thin layer of 0.7% agarose previously applied to a slide and imaged with an X100 Ph3 oil immersion objective on a Nikon Eclipse Ci-L microscope. Two to three fields of view were acquired for each strain at T 24 using a DS-Fi2 camera. A minimum of 1,000 cells from each strain were examined and used to calculate the percentage of spores (number of spores divided by the total imaged population).
In addition to microscopy, cultures were tested to determine the ratio of ethanol-resistant spores formed in the population. Cultures were diluted and plated onto BHIS medium with 0.1% taurocholate to determine the maximum number of viable cells in the population, which was reached 2 and 5 h after the start of the stationary phase for 70:30 and BHIS cultures, respectively. To assess the frequency of spore formation, 500-l samples were taken at T 24 and mixed 1:1 with 95% ethanol for 15 min. Ethanoltreated cultures were plated on BHIS medium containing 0.1% taurocholate, and the number of ethanol-resistant CFU were determined after incubation for 24 h. The number of ethanol-resistant CFU per milliliter was divided by the number corresponding to the maximum viable population, and the result was multiplied by 100 to calculate the percentage of ethanol-resistant CFU per milliliter in the culture. A minimum of three biological replicates were performed for each strain and condition tested. (19) , with minor modifications. Cultures of C. difficile were grown in 70:30 medium as described above. Samples for RNA isolation were collected at mid-logarithmic growth (OD 600 of 0.5), at the onset of the stationary phase (T 0 ), and at the stationary phase (T 4 ) and diluted into acetone-ethanol (1:1). RNA was isolated as previously described (37, 51) . A Tetro cDNA synthesis kit (Bioline) was used for cDNA synthesis. cDNA was generated from four biological replicates, and qRT-PCR was performed using a Sensi-Fast SYBR and fluorescein kit (Bioline) and 50 ng of cDNA as the template on a Bio-Rad CFX96 real-time system. To control for genomic contamination, cDNA reaction mixtures containing no reverse transcriptase were used. qRT-PCR experiments were performed in technical triplicates. qRT-PCR primers were generated with the PrimerQuest tool available through Integrated DNA Technologies. Primer efficiencies were determined for each set of qRT-PCR primers. Results were calculated with the comparative cycle threshold method (52) , with the expression of the amplified transcript being normalized to that of the internal-control transcript gene, rpoC. To evaluate the statistical significance of the results, two-way repeated-measures ANOVA, followed by a Dunnett's multiplecomparison test, was used to compare the level of parent strain expression with that of the corresponding codY mutant and complemented strain at each time point using Graphpad Prism 6. A P value of Յ0.05 was considered statistically significant.
Western blot analysis. Western blot analyses were performed as previously described (53) , with minor modifications. Strains were grown in BHIS medium supplemented with 0.1% taurocholate and 0.5% fructose until the cultures reached mid-log phase. Cultures were then back-diluted 1:50 into fresh 70:30 medium. Following incubation at 37°C for 8 h, a 6-ml sample of each culture was pelleted and resuspended in 1 ml of 1ϫ Laemmli sample buffer (Bio-Rad). Cells were mechanically disrupted using a Mini-BeadBeater and 0.1-mm-diameter silica beads (Biospec Products). Following bead beating, samples were centrifuged for 15 min at 16,100 ϫ g. Culture supernatants were boiled for 10 min at 95 to 100°C and run on a 4% to 15% gradient precast SDS-PAGE gel (Bio-Rad). Proteins were transferred to a 0.45-m-pore-size nitrocellulose membrane for 1 h at 100 V with a Mini-Trans Blot module (Bio-Rad). Following transfer, membranes were probed with mouse anti-TcdA (Novus Biologicals) and mouse anti-RNA polymerase ␤ subunit (Abcam). Membranes were then probed with secondary goat anti-mouse antibody-Alexa Fluor 488 (Life Technologies). Imaging and relative quantification of the blots were performed on a ChemiDoc imager (Bio-Rad). Quantification was performed only on full-length protein. Four biological replicates for each strain were analyzed, and a representative image is shown.
AP assays. Alkaline phosphatase (AP) assays were performed as previously described (46, 54) , with minor modifications. Cultures of C. difficile containing phoZ reporter constructs were grown overnight in BHIS medium supplemented with 0.1% taurocholate, 0.5% fructose, and 2 g thiamphenicol ml Ϫ1 . Active cultures were diluted to an OD 600 of 0.5 in 70:30 medium. Cultures were further diluted 1:10 into a culture flask containing 70:30 medium and 2 g thiamphenicol ml Ϫ1 to reach a starting OD 600 of 0.05. At an OD 600 of 0.5 (mid-log phase), duplicate 1-ml samples were taken. Four hours after the transition to stationary phase (T 4 ), duplicate 250-l samples were taken. The samples were pelleted, the supernatants were discarded, and cell pellets were stored at Ϫ20°C overnight. To prepare the samples for assay, pellets were thawed on ice and washed in 0.5 ml of chilled wash buffer (10 mM Tris-HCl [pH 8.0], 10 mM MgS0 4 ), pelleted, and resuspended in 0.8 ml assay buffer (1 M Tris-HCl [pH 8.0], 0.1 mM ZnCl 2 ). Samples were vortex mixed for 15 s following the addition of 0.05 ml of 0.1% SDS and 0.05 ml chloroform. A blank sample without cells was used as a baseline measurement of optical density for all experiments. Samples were incubated at 37°C for 5 min and transferred to ice for an additional 5 min. Samples were then allowed to return to room temperature. The colorimetric assay was started by the addition of 0.1 ml of 0.4% pNP (Sigma-Aldrich) (p-nitrophenyl phosphate-1 M Tris-HCl, pH 8.0) to each sample. The samples were mixed and incubated in a 37°C water bath until the development of a light yellow color. Upon color development, 0.1 ml of Stop solution (1 M KH 2 PO 4 ) was added and the samples were transferred to ice to stop the phosphatase reaction. Samples were then centrifuged at 4°C for 5 min at maximum speed in a benchtop centrifuge. The absorbance of each sample was measured at OD 420 and OD 550 . To calculate the units of activity, normalized to cell volume, the following formula was applied:
͓OD 420 Ϫ ͑1.75 ϫ OD 550 ͔͒ ϫ 1,000 t ͑min͒ ϫ OD 600 ϫ vol.cells ͑ml͒ . Technical duplicates were averaged for each assay set. At least four biological replicates were performed for each experiment. The data are presented as means and standard errors of the means for the experimental replicates. Data were analyzed by two-way ANOVA followed by Tukey's multiple-comparison test using Graphpad Prism 6. A P value of Յ0.05 was used. Germination assays. Spore purification and germination assays were performed as previously described with minor modifications (40, 55) . Strains were grown in BHIS medium with 0.2% fructose. A 200-l volume of active culture was spread onto a 70:30 plate as a confluent lawn, with approximately six plates prepared per strain. Plates were left in the chamber for a minimum of 48 h to allow spores to form. After 48 h, plates were removed from the chamber and the lawns were scraped into 15 ml of ice-cold sterile water. Spore suspensions were incubated overnight at 4°C. Spore suspensions were then centrifuged in a swing-bucket rotor at 1,811 ϫ g for 10 min, and the supernatants were decanted. The pellets were washed five times with ice-cold sterile water, and after the fifth wash, the spore pellets were resuspended in 30 ml of ice-cold sterile water. Aliquots (3 ml) of the spore suspension were layered over individual 10-ml beds of 50% sucrose. Spores were centrifuged through the sucrose for 20 min in a swing-bucket rotor at 3,200 ϫ g to remove cellular debris. Following centrifugation, the sucrose was removed and spore pellets were resuspended in 1 ml of ice-cold water and pooled. Spores were again pelleted at 1,811 ϫ g for 10 min. The supernatant was decanted, and spores were washed five times with 10 ml of ice-cold sterile water to removed residual sucrose. Following the last wash, spores were resuspended in 1 ml of sterile water and checked for purity by phase-contrast microscopy, and the OD 600 of each preparation was assessed. Spore preparations were standardized to an approximate OD 600 of 3.0. For the germination assay, spores were first heat activated at 60°C for 30 min and then diluted 1:10 into BHIS medium with or without a 5 mM concentration of the germinant taurocholate. The OD 600 was monitored for 20 min starting from when the spores were diluted into BHIS medium. Germination was quantified as the ratio of the OD 600 at a given time point (t) to the OD 600 at the start of the assay (t 0 ), plotted against time. Germination assays were performed in triplicate. The data are presented as the averaged ratios for each time point, and the standard error of the mean is shown. Two-way repeated-measures ANOVA, followed by a Dunnett's multiple-comparison test, was used to compare the parent strain with its respective codY mutant and complemented strain at individual time points (*, P Յ 0.05).
RESULTS
Generation of codY mutants and assessment of growth phenotypes and toxin production. To assess the role of CodY in the sporulation of C. difficile, we first generated a codY mutant in the 630⌬erm strain (012 ribotype). In prior work, we examined a single-crossover mutant that disrupted the codY locus in the related JIR8094 strain (37, 56) . Due to the instability of the single-crossover mutant and the virulence and motility defects of the JIR8094 strain (53), a codY Targetron mutant in the 630⌬erm mutant background was used in this study. We utilized the same Targetron construct used previously to generate a codY mutant in the UK1 background (027 ribotype) (57) . The Targetron insertion into codY of strain 630⌬erm was verified through PCR and sequencing of the locus (see Fig. S2 in the supplemental material).
We further verified the inactivation and complementation of codY by examining expression of codY (see Fig. S3 ) and of the CodYrepressed ilvC gene, which encodes a component of branchedchain amino acid (BCAA) synthesis (see Fig. S4 ) (56, 58) . We observed little change in expression of codY in the Targetrondisrupted mutants (see Fig. S3 ); however, disruption of codY had clear effects on the expression of CodY-dependent genes, indicating that no functional CodY was present (see Fig. S4 ). In MC364 (here referred to as 630 codY) and LB-CD16 (here referred to as UK1 codY) (see Fig. S4 ), we observed an increase in the expression of ilvC during logarithmic growth and at T 0 compared to the levels seen with their respective parent strains. These results demonstrate that ilvC was derepressed in the absence of CodY, as anticipated. We observed significantly higher codY transcription in the codY-complemented MC442 (630 codY Tn916:: codY) and MC443 (UK1 codY Tn916::codY) strains than in the parent strains (see Fig. S3 ). Higher expression of codY was not expected for the complemented strains, given that a single copy of codY was restored to the genome. Greater expression of codY in the complemented strains suggests that native placement of the gene is required for proper regulation of transcription. Disregulation of codY expression may also explain the incomplete restoration of some CodY-dependent transcription and phenotypes observed. We evaluated the growth phenotype of both strain 630 codY and strain UK1 codY and of their respective complements, MC442 and MC443, in TY broth and 70:30 sporulation medium (Fig. 1 ). As observed with previously studied codY mutants (56), the disruption of codY led to a slight growth defect in TY medium in both the 630⌬erm and UK1 strain sets (Fig. 1A and C) . This growth defect was not as pronounced as that previously described because the antibiotic selection required for maintenance of the single insertion in previous codY mutants had been eliminated (56) . When codY was complemented on the chromosome in either strain background, the growth defect in TY medium was corrected (Fig.  1A and C) . In 70:30 sporulation broth, the UK1 strains exhibited no growth defect, unlike the 630 codY mutant, which exhibited a short exponential-growth phase and an extended transition phase ( Fig. 1B and D) . The dissimilar growth profiles of the 630 codY and UK1 codY mutants suggests that the levels of CodY-responsive gene expression differ between the strains (59-61).
C. difficile encodes two large toxins, TcdA and TcdB, which are essential for virulence (1) (2) (3) (4) 62) . Previous studies demonstrated that toxin production is controlled by the global nutritional regulatory factors CcpA and CodY in strain JIR8094 (56, 63) . When bound to the GTP and BCAA cofactors, CodY represses toxin gene expression by binding to the promoter region of tcdR. TcdR is a toxin-specific sigma factor that is encoded within the pathogenicity locus (PaLoc) and directs expression of both tcdA and tcdB (64) . We performed qRT-PCR and Western blot analyses of the codY mutants grown in 70:30 sporulation medium to confirm the loss of toxin repression and the subsequent increase in toxin protein (37, 56) . As predicted, tcdR expression was increased earlier during growth of the codY mutants in both mutant strains than in the respective parent strains (see Fig. S5A and B in the supplemental material). We also evaluated the expression profiles of tcdA and tcdB, whose transcription depends on the TcdR toxin sigma factor (64) . The expression of tcdA and tcdB in strains 630 codY and UK1 codY was also elevated during mid-logarithmic growth phase compared to that seen with the parent strains ( Fig. 2A and B ; see also Fig. S5C and D) . To further assess the effects of CodY on toxin regulation and production, we performed Western blot analyses to examine the accumulation of TcdA protein. Strains 630 codY and UK1 codY and the respective parent strains were grown to stationary phase in 70:30 sporulation medium, and whole-cell lysates were probed for TcdA and the RNA polymerase (RNAP) ␤ subunit (Fig. 2C) . More full-length TcdA (308 kDa) was present in both codY mutants than in the parent controls grown in 70:30 medium (an ϳ19-fold increase in strain 630 codY and an ϳ5-fold increase in strain UK1 codY over the levels seen with their respective parent strains). Together, these results demonstrate that toxin gene transcription and synthesis are higher in the absence of CodY, consistent with previous reports (37, 56) .
Toxin gene expression is also regulated by the SigD flagellumspecific sigma factor (53) . Toxin production is greatly decreased in the related nonmotile 012 JIR8094 strain due to a significant decrease in sigD expression (53) . Because the toxin and motility phenotypes share some regulatory components and because CodY influences motility in the related organism C. perfringens (36), we asked whether CodY controls motility in the motile 630⌬erm strain (012 ribotype) and UK1 strain (027 ribotype). Motility assays were performed on soft agar plates, and diameters were measured every 24 h over 7 days; a motility-defective sigD mutant was included as a negative control (65) . As shown in Fig. S6 in the supplemental material, the 630 codY mutant consistently displayed lower motility than the corresponding parent strain, but no significant differences in motility between the UK1 and UK1 codY strains were observed (mean final diameters: strain 630⌬erm, 51 Ϯ 1.7 mm; strain 630codY, 42.3 Ϯ 0.7 mm; strain UK1, 48.0 Ϯ 1.2 mm; strain UK1codY, 52.0 Ϯ 2.1 mm). CodY is not known to directly regulate the SigD motility sigma factor or any other known factors that affect motility in C. difficile (37, 53) . Considering that the growth rate defect of the 630 codY mutant was more pronounced than that of the UK1 codY mutant (Fig. 1) , the slower growth of strain 630 codY was likely contributing to the decreased motility observed. codY mutants demonstrate increased sporulation frequency and expression of sporulation-specific factors. To evaluate the impact of CodY on sporulation, we grew the codY mutants and the respective parent strains in 70:30 sporulation broth and assessed sporulation frequency 24 h after the onset of stationary phase (T 24 ). Samples were visualized by phase-contrast microscopy, and the sporulation frequency was calculated by direct counting as described in Materials and Methods. As shown in Fig. 3 , the 630 codY mutant exhibited a 2-fold increase in sporulation frequency compared to the parent strain, the 630⌬erm mutant (ϳ1.8% versus 0.9%; P ϭ 0.15). In contrast, the UK1 codY mutant demonstrated an ϳ1,400-fold increase in sporulation frequency compared to the UK1 mutant (ϳ57% versus 0.04%). Similar results were obtained when cultures were examined for the frequency of ethanol-resistant spore formation within the viable population for cells grown in 70:30 sporulation broth; few spores were produced in any strain grown in BHIS medium for 24 h (Table 3) . These results indicate that CodY represses sporulation in both C. difficile strains. However, the effects of CodY on sporulation were dramatically different in the two strains, suggesting that CodY-dependent gene regulation can vary by strain background.
Since the codY mutants demonstrate increased sporulation frequency, we asked whether this increase was a consequence of earlier or higher expression of sporulation regulatory factors. To answer that question, we assessed the relative gene expression levels of the key sporulation regulator, spo0A, in the parent and codY mutant strains during growth in sporulation medium (Fig. 4) . Spo0A is the master regulator of sporulation and is essential for initiation of sporulation in C. difficile (8, 9, 66) . During exponential-phase growth, the 630 codY mutant had 2-fold-higher spo0A expression than the parent strain, consistent with earlier initiation of sporulation (Fig. 4A) . By T 0 (transition to stationary phase) and T 4 (4 h after transition to stationary phase), the levels of spo0A expression were similar for the 630 codY mutant and the parent strain. For the UK1 codY mutant, spo0A transcript levels were higher than those seen with the wild-type strain during logarithmic growth (ϳ1.6-fold) and at T 0 (ϳ3.6-fold), also signifying early entry into sporulation (Fig. 4B) . But by T 4 , the UK1 codY strain showed lower spo0A expression than the wild type, consistent with spo0A gene expression patterns in later stages of sporulation (19) .
To evaluate the progression of sporulation in the codY mutants, we measured the expression of sporulation-specific sigma factors sigF, sigE, and sigG (Fig. 4C to H) . sigF and sigE are dependent on Spo0A for transcription, and they are the early sporulation sigma factors for the forespore and mother cell compartments, respectively, while SigG is the late-stage sporulation factor for the forespore (11, 17, 18, 66) . sigF gene expression was significantly higher in log phase and at T 0 in the 630 and UK1 codY mutants than in the corresponding parent strains (for strain 630 codY, ϳ5-fold higher at log phase and ϳ3-fold higher at T 0 ; for strain UK1 codY, ϳ4-fold higher at log phase and ϳ12-fold higher at T 0 ) (Fig. 4C and D) . Likewise, sigE gene expression was higher in the codY mutants at log phase and at T 0 (for strain 630 codY, ϳ24-fold higher at log phase and ϳ15-fold higher at T 0 ; for strain UK1 codY, ϳ3-fold higher at log phase and ϳ77-fold higher at T 0 ) ( Fig. 4E and F) . The premature transcription of sigF and sigE and the higher overall expression of these factors are consistent with earlier entry into sporulation and a greater sporulation frequency within the population. Likewise, the transcription level of sigG was higher during exponential phase in both codY mutants than in the parent strains ( Fig. 4G and H) . The premature and higher expression levels of both early and late-stage sporulation factors in codY mutant cultures provide additional evidence that CodY inhibits entry into sporulation. These data suggest that a higher percentage of the codY mutant population was progressing through sporulation and that sporulation initiated at an earlier growth stage in the codY mutants than in the parent strains.
codY mutants differentially express the putative sporulation regulatory genes sinR and sinI. In previous work, we investigated the transcriptome of a codY mutant and employed in vitro DNA affinity purification and deep sequencing (IDAP-Seq) to determine the genes regulated by CodY in C. difficile (37) . Although higher expression of some sporulation-specific genes was observed in that study, the CodY-regulated sporulation genes that were identified play a role in sporulation only after Spo0A activation. Since that study, additional genes have been found to be associated with entry into sporulation, including sigH (67), ccpA (63, 68) , the opp and app genes encoding the corresponding permeases (19) , rstA (69) , and sinRI (19) . Of these, only opp and sinRI are recognized as being directly regulated by CodY, as demonstrated by IDAP-seq (37) . We further examined the expression of sinRI and opp to understand how CodY impacts expression of these genes before and during the initiation of sporulation and to determine if there are differences in expression of these genes that might explain the different sporulation phenotypes of the strains. In B. subtilis, SinR functions as a repressor of sporulation (70) . In that system, SinI is an alternative binding partner for SinR and prevents SinR from inhibiting sporulation (71) . At present, there (E and F), and sigG (G and H) expression in the 630⌬erm, MC364 (630 codY), and MC442 (630 codY Tn916::codY) strains (A, C, E, and G) and in the UK1, LB-CD16 (UK1 codY), and MC443 (UK1 codY Tn916::codY) strains (B, D, F, and H) grown in 70:30 sporulation medium. Samples for RNA isolation were collected during logarithmic growth (Log; OD 600 , ϳ0.5), during the transition to stationary phase (T 0 ), and 4 h after the transition into stationary phase (T 4 ). The means and SEM of results from four biological replicates are shown. Two-way repeated-measures ANOVA followed by Dunnett's multiple-comparison test was used to compare the parent strain with the codY mutant or the parent strain with the respective complemented strain at the designated time points. *, P Յ 0.05. are no published reports that define the role of SinR or the putative SinI in C. difficile, but preliminary studies of these factors showed that they are expressed during the initiation of sporulation in C. difficile (19) . Using qRT-PCR, we evaluated the expression of the putative sinR and sinI genes under sporulation conditions for strains 630 codY and UK1 codY and their respective parent strains. As a nutritional state regulator, CodY typically represses transcription of genes during exponential phase, and that repression is relieved during the transition to stationary-phase growth (27, 37) . Transcription of sinR and sinI during logarithmic growth was 2-fold higher in the 630 codY mutant than in the 630⌬erm mutant, indicating that CodY represses sinRI expression ( Fig. 5A and C) . However, in the strain UK1 background, the codY mutant exhibited sinR expression that was 5-fold lower during exponential growth and 18-fold lower at T 4 , suggesting that CodY positively affects sinRI transcription in the UK1 strain ( Fig. 5B and  D) . The dissimilarity in the levels of CodY regulation of sinRI in these two strains may explain the differences in sporulation frequency between the UK1 codY and 630 codY mutants, but the functions of SinR and SinI in C. difficile sporulation initiation need to be defined to understand their impact.
Prior work demonstrated that CodY binds to the region upstream of the sinR coding sequence and identified a putative CodY binding site near the promoter (see Fig. S7 in the supplemental material) (37) . Despite the differences in sinRI transcription, no sequence changes were found within the putative sin promoters of the UK1 and 630 genomes (see Fig. S7 ). To further evaluate how sinR is regulated by CodY, we constructed a transcriptional fusion of the promoter region of sinR to phoZ, an alkaline phosphatase reporter (46) . A plasmid containing the PsinR 600 ::phoZ reporter fusion was introduced by conjugation into the 630⌬erm and 630 codY strains. These strains were grown in 70:30 sporulation medium, and cultures were sampled during exponential phase and 4 h after the transition to stationary phase to assay for alkaline phosphatase activity. We observed a significant increase in alkaline phosphatase activity generated from the putative sinR promoter in the codY mutant (Table 4) . Although there was an increase in the promoter activity in the 630 codY mutant compared to the parent strain, there was no change in activity between log-phase and stationary-phase (T 4 ) cultures of the parent strain. Therefore, alleviation of CodY repression at stationary phase is not sufficient to increase transcription from the sin promoter, most likely because other factors, such as CcpA and SigD, are also involved in regulating sinR transcription (68, 72) . In addition, alteration of what we predicted to be the CodY binding site (31, 37) [PsinR 600(C-290A) ::phoZ] did not result in increased alkaline phosphate activity compared to that seen with the wild-type promoter (Table 4) , suggesting either that the mutated base pair is not important for CodY binding or that CodY does not bind to this region of the predicted promoter region. Overall, these data demonstrate that there is a functional promoter immediately upstream of sinR that is directly or indirectly regulated by CodY. Expression of the opp permease is regulated in part by CodY. In prior work, we demonstrated that disruption of the oligopeptide permeases Opp and App results in higher sporulation frequency in C. difficile (19) . It was also established that CodY represses expression of the opp operon during growth in rich medium and that CodY directly binds to the opp promoter region (37) . On the basis of these data, we hypothesized that CodY relieves repression of opp at the onset of stationary phase, which would allow greater peptide uptake and potentially postpone the initiation of sporulation. We assessed expression of oppB, the first gene of the opp operon, in the codY mutants to determine how CodY affects regulation of this transporter as the cells initiate sporulation. oppB transcription was ϳ3-fold higher during logarithmic growth in the 630 codY mutant than in the parent strain, supporting the past finding that CodY is a repressor of oppB expression (Fig. 6A) . However, no change in oppB expression was observed in the UK1 codY mutant during exponential growth (Fig.  6B) . By late stationary phase (T 4 ), opp transcription was 2-fold to 5-fold lower in the 630 codY and UK1 codY mutants than in the parent strains. Thus, CodY appears to modestly repress log-phase expression of oppB in strain 630 but not in strain UK1. But as cells advanced to late stationary phase, CodY had a positive effect on oppB transcription in both strains, resulting in lower oppB expression in the absence of CodY (Fig. 6A and B) . As CodY is unlikely to act as both a positive regulator and a negative regulator of the same locus at different growth stages, the increase in opp transcription observed in late stationary phase may be facilitated by another CodY-dependent factor, rather than by CodY directly.
The differential regulation of opp in the 630 codY and UK1 codY strains during logarithmic growth suggests that CodY interacts differently with the opp promoters of these strains. Sequence analysis of the putative opp promoter regions revealed two nucleotide differences between the UK1 and 630 strains (see Fig. S7 in the supplemental material). No sequence changes were found within the previously identified CodY binding site at nucleotide (nt) Ϫ175 to nt Ϫ189 upstream of the translational start site (37) . To investigate the differential regulation of opp further, we evaluated expression during exponential phase from the putative oppB promoters of strains 630 and UK1 using phoZ transcriptional fusions. Promoter fusions were created using promoter sequences amplified from the 630⌬erm and UK1 genomes in order to assess the impact of sequence differences on opp expression. The PoppB:: phoZ reporter fusions were brought into strains 630⌬erm and 630 codY by conjugation, allowing us to evaluate the effects of promoter differences on CodY-dependent regulation in an isogenic background. As shown in Table 5 , a fusion containing the 400 bp upstream of the oppB translational start (PoppB 400 ::phoZ) derived from strain 630 or strain UK1 generated similar levels of alkaline phosphatase (AP) activity in a wild-type background and expectedly higher AP activity when expressed in a codY mutant. The activity of the PoppB 400 ::phoZ fusion derived from strain UK1 sequence was modestly lower than the activity for the strain 630-derived fusion, suggesting that sequence differences in this region can affect promoter function in the absence of CodY. Additional constructs (PoppB 250 ::phoZ, PoppB 170 ::phoZ, and PoppB 150 ::phoZ) were created using shorter segments of the promoter region to assess CodY-dependent activity (Table 5 ; see also Fig. S7 ). The PoppB 250 ::phoZ fusion, which encompasses the CodY site and an overlapping CcpA site (68), retained CodY-dependent repression. The AP activity from the PoppB 250 ::phoZ fusion was lower than the AP activity from the PoppB 400 ::phoZ fusion in the codY mutant background. However, this effect was observed only in the promoter regions derived from the 630 background and not in the strain UK1 sequence. There are no sequence differences present in the region consisting of nt Ϫ400 to nt Ϫ250, which suggests that there is a CodY-dependent, sequence-independent influence on opp gene expression that is strain specific. A shorter segment, PoppB 170 ::phoZ, generated significantly lower but similar levels of AP activity in the wild-type and codY mutant backgrounds, confirming that the CodY binding site lies upstream of this region. These data suggest that there is a CodY-dependent regulatory region present between nt Ϫ170 and nt Ϫ250. Unexpectedly, mutation of a conserved nucleotide within the predicted CodY site (31, 37) (PoppB 400G-181A ::phoZ) resulted in decreased promoter activity (Table 5). On the basis of this result, it is possible that the promoter mutation increased the affinity between the binding site and CodY. However, it remains unclear if this region is important for CodYdependent regulation or for that shown by other regulators of opp, such as CcpA. These data suggest that, in addition to CodY-and CcpA-dependent repression of the opp promoter, the region between nt Ϫ170 and Ϫ250 is also important for activating transcription. A shorter segment, PoppB 150 ::phoZ, had no transcriptional activity, indicating that promoter elements are upstream of this segment. Thus, the important CodY/CcpA binding sites are predicted to overlap in the opp promoter element to repress transcription, and this arrangement is conserved between the UK1 and 630 strains.
codY mutants differentially express the App permease. Previously, we demonstrated that the App oligopeptide permease is involved in the inhibition of sporulation in C. difficile (19) . An app null mutant sporulates at a higher frequency than an opp null mutant, indicating that app has a greater impact on the cellular pathways that lead to sporulation initiation (19) . Though app was not identified in previous analyses of CodY-dependent genes in strain 630 (37), we investigated if CodY influenced app expression because of the effect App has on sporulation. To this end, we evaluated expression of the first gene in the app operon, appA, in the codY mutants and their parent strains. As shown in Fig. 6C , expression of appA was slightly (ϳ1.7-fold) higher in the 630 codY strain during exponential phase, but no significant difference in expression was detected as cells progressed to stationary phase. However, expression of app was 2-fold to 5-fold lower in the UK1 codY strain throughout growth than in the parent strain (Fig. 6D) , illustrating that CodY positively impacts app transcription in UK1. To determine if the differences in app transcription between UK1 codY and 630 codY were due to the variations in the promoter sequences in these strains, the UK1 and 630 putative promoter regions were fused to the phoZ reporter and expressed in strain 630 (Table 5) . No significant differences in activity for the UK1-or 630-derived app promoters were observed, suggesting that the positive effect of CodY on app transcription in UK1 is strain specific and is not a direct CodY effect. This result is similar to the differential effects of CodY on sinRI transcription that were observed between UK1 and 630. Overall, these data strongly suggest that CodY impacts the expression of additional regulators in UK1, resulting in indirect regulatory effects of CodY and a greater impact on sporulation in the UK1 strain. CodY may have a small effect on C. difficile germination. In C. perfringens, CodY has a positive effect on germination, as evidenced by the decreased germination capacity previously observed for a codY mutant in that species (36) . To determine if germination is similarly affected by CodY in C. difficile, we performed germination assays using purified spores, as previously described (36, 40, 55) . In contrast to C. perfringens results, the absence of CodY resulted in slightly increased spore germination, as measured by a decrease in optical density in the presence of the germinant taurocholate (Fig. 7) . This suggests that CodY may have a small positive effect on the germination process. Whether the effects of CodY on germination of these strains have an impact on the outcome of disease remains to be elucidated.
DISCUSSION
As a strict anaerobe, C. difficile must form a spore to effectively persist and spread in the aerobic environment outside the host. The cellular and environmental factors that initiate and regulate the entry into sporulation in C. difficile are not well understood (11) . While the morphological changes that occur during sporulation are conserved between B. subtilis and C. difficile, the regulatory pathways that control the initiation of sporulation are not (10, 73) . How the master regulator of sporulation, Spo0A, and its activity are controlled in C. difficile is an important issue, as regulation of Spo0A activity is essential for triggering and appropriately timing the entry into sporulation (8, 17) . Previous work indicated that nutrient deprivation is a trigger for sporulation in C. difficile (19, 68) . We hypothesized that the global nutritional regulator CodY would play a role in sporulation in C. difficile, as is the case for other spore-forming bacteria (28, 36) . Here, we have shown that CodY is a negative regulator of sporulation in C. difficile and that its impacts on sporulation differ in the 012 (strain 630) and 027 (strain UK1) ribotypes. Further, we demonstrated that CodY regulates expression of the oligopeptide permease opp gene and of the putative sinR sporulation regulator gene.
CodY is known to suppress sporulation in B. subtilis (28, 74) , in B. thuringiensis (75) , and in the more closely related bacterium C. perfringens (36) . When the C. difficile codY gene was disrupted and sporulation efficiency was assessed in strains 630 and UK1, sporulation efficiency increased in both backgrounds. But in contrast to their respective parent strains, the degree to which CodY impacted sporulation frequency was greater in the 027 ribotype than in the 012 ribotype (Fig. 3) . Strain 630 codY demonstrated a 2-fold increase in sporulation frequency over the corresponding parent strain, in contrast to UK1 codY, which demonstrated an ϳ1,400- fold increase over the corresponding parent strain. While the data demonstrate that CodY is a negative regulator of sporulation, the sporulation frequency of a UK1 codY mutant was 31-fold greater than that of a 630 codY mutant. These results indicate that conditions that affect the activity of CodY have a greater impact on sporulation regulation in the UK1 background.
We propose that the variability in codY mutant sporulation in different strains results from inherent differences in the regulation of nutrient acquisition. This idea is supported by the data demonstrating differences between the two strains in peptide transporter expression. The ability of the bacterium to acquire nutrients is directly linked to regulation of tcdA and tcdB expression (34, 37, 56, 76, 77) ; as a consequence, lower nutrient acquisition would increase toxin expression. Several studies have assessed strains for differences in toxin production in vitro as a measure of potential virulence, though those studies have had mixed results (78) (79) (80) (81) . On the basis of the evidence, it is possible that some strains produce toxin earlier during infection, and possibly at higher levels, because they import nutrients less efficiently. Lower nutrient uptake would cause derepression of CodY-and CcpA-responsive genes and increased SigD activity, all of which would result in higher toxin expression (53, 56, 63, 72) . A comparison of gene expression levels for C. difficile grown in vitro and in vivo found a substantially greater impact on metabolism and sporulation under in vivo conditions than under in vitro conditions (82) . This discrepancy highlights the need for greater understanding of the nutritional environment present during C. difficile infections, which could be used to improve conditions for examining these physiological processes in vitro.
Previous studies of Bacillus species revealed that CodY regulates genes that are directly involved in sporulation initiation, including spo0A, rapA, rapC, rapE, sinIR, sigH, and kinB (21, 28, 74, 83, 84) . Among the initiation factors encoded by those genes, only SinR and SinI have homologs in C. difficile and are also directly regulated by CodY (37) . Upon determining that CodY represses sporulation in C. difficile, we investigated potential mechanisms by which CodY could directly or indirectly affect sporulation initiation. We evaluated the transcription and promoter activity of three known or suspected effectors of sporulation, the putative transcriptional repressor encoded by sinR and the oligopeptide permeases encoded by app and opp (19) . In previous work evaluating Opp and App in C. difficile, we hypothesized that imported peptides used an unknown and indirect mechanism to influence sinRI transcription (19) . In B. subtilis, SinR works as a repressor of sporulation by directly inhibiting the transcription of Spo0A (70) . In turn, the cotranscribed SinI antagonizes SinR, thereby preventing SinR-dependent repression of spo0A, which in turn allows sporulation initiation to progress (71) . We evaluated the expression of sinRI in the codY mutants to determine if CodY could repress sporulation by influencing sinRI transcription. The level of expression of sinRI observed during logarithmic growth in the 630 codY mutant was higher than that observed in the parent strain ( Fig. 5A and C) , suggesting that CodY acts as a repressor of sinRI. In contrast, we observed a decrease in the expression of sinRI in the UK1 codY mutant compared to the corresponding parent strain, which suggests that CodY positively regulates sinRI transcription in the UK1 strain ( Fig. 5B and D) . The sequences of the sinR promoter regions in strains UK1 and 630 are identical; therefore, we conclude that other differences in CodY-mediated regulation affect the expression of sinR in these strains (Table 4; In numerous Gram-positive species, CodY directly represses expression of peptide import mechanisms, including the opp-encoded oligopeptide permease (20-23, 74, 85) . We examined expression of the oligopeptide permeases encoded by opp and app, which have been indirectly linked to sporulation in C. difficile (19) . During logarithmic growth, the 630 codY strain showed higher expression of opp (Fig. 6A ), in agreement with prior studies that demonstrated CodY-dependent repression of opp (37) . However, the absence of CodY in either ribotype results in less opp transcription during stationary phase, suggesting that CodY has a positive influence on opp expression at later stages of growth ( Fig.  6A and B) . One explanation for differential levels of opp expression seen at various growth stages is that the increased sporulation of the codY mutants may result in an earlier decline of opp expression between the time points examined, which would not be detected in our experiment. To further examine the effect of CodY on opp, we constructed PoppB::phoZ reporter fusions using the promoters from both strains and examined their activity with and without CodY. We observed higher promoter activity in the absence of CodY, indicating that CodY represses opp in both ribotypes (Table 5) . Overall, we showed that CodY acts as a repressor of the opp oligopeptide transporter operon. On the basis of these results and previous studies of the oligopeptide permeases, we propose that Opp and App function to import peptides and that these peptides, in turn, can modulate CodY activity by increasing the availability of branched-chain amino acids (Fig. 8) .
Lastly, we evaluated the transcription of appA, the first gene of the app operon, in both ribotypes. App is an oligopeptide permease that was previously shown to affect sporulation in C. difficile but does not appear to be directly regulated by CodY (19, 37) . We observed differential regulation of appA expression in the UK1 and 630 codY mutants (Fig. 6C and D) . But further examination of promoter activity using PappA::phoZ reporter fusions revealed no difference in the levels of activity associated with the app promoter of either strain, with or without CodY (Table 5 ). These results indicate that although CodY affects app expression, CodY is not a direct regulator of app. The information available does not explain the differences between the UK1 codY and 630 codY strains in the observed levels of app expression. Thus far, only SigH has been implicated as a regulator of app expression, though more regulators are likely involved (67) .
The control of opp, app, sinR, and sinI expression in response to nutrient availability is not unprecedented. A null mutation in the B. subtilis scoC gene (previously known as hpr), which encodes the ScoC pleiotropic transcriptional regulator, relieves catabolite repression of sporulation, and scoC transcription increases in the presence of glucose (86) . ScoC directly downregulates opp, app, and sinIR expression (87, 88) , suggesting that ScoC may inhibit sporulation under high-nutrient conditions by repressing the expression of genes involved in early sporulation events. Further, CodY directly represses scoC transcription, and CodY and ScoC independently coregulate several loci, including opp (89, 90) . Altogether, these results imply that multiple regulators control B. subtilis sporulation through nutrient-dependent alteration of early sporulation gene expression. Although B. subtilis and C. difficile do not share identical nutritional requirements, similar complex regulatory mechanisms may be utilized by C. difficile. No scoC gene has been clearly identified in the C. difficile genome. But CodY regulates many genes indirectly (74, 91) ( Fig. 6 and Table 5 ). Hence, it is possible that a ScoC-like regulator could control opp, app, and sinRI expression in concert with CodY in C. difficile.
The regulatory mechanisms through which CodY affects sporulation are not fully elucidated, in part because many sporulation initiation factors in C. difficile are unknown or understudied. We are only beginning to understand the relationship between sporulation and nutrition in C. difficile, and many questions remain about the role CodY plays in this process, such as the following. What are the in vivo effects of CodY on sporulation and pathogenesis? Does the SinRI locus function as predicted, and what role does it play in sporulation? And do differences in CodY-dependent regulation play a role in the pathogenesis of current and emerging epidemic strains compared with historical epidemic isolates? If CodY more sensitively controls the expression of factors that affect sporulation initiation or controls different factors in the 027 strains than in other isolates, this could conceivably influence the infectivity and pathogenesis of these strains and thereby contribute to the prevalence of the 027 ribotype.
In summary, we have demonstrated that CodY is a repressor of sporulation in C. difficile and that CodY is involved in the regulation of genes associated with sporulation, including sinR and the opp permease operon. In addition, the evidence suggests that CodY has strain-dependent effects that result in differences in gene regulation that impact initiation of sporulation. This is a significant step toward understanding how the process of sporulation is regulated in response to the nutritional status of the bacterium and toward understanding the potential differences between epidemic and historical strains.
